In this contribution, we achieve the primary goal of the AGN STORM campaign by recovering velocity-delay maps, which are the key to understanding the geometry, ionization structure, and kinematics of the broadline region, for the prominent broad emission lines, Lyα, C IV, He II and Hβ, in the spectrum of NGC 5548. The emission-line responses inhabit the interior of a virial envelope. The velocity-delay maps reveal stratified ionization structure. The He II response inside 5-10 light days has a broad single-peaked velocity profile. The Lyα, C IV, and Hβ responses peak inside 10 light days, extend outside 20 light days, and exhibit a velocity profile with two peaks separated by 5000 km s −1 in the 10-20 light-day delay range. The velocity-delay maps show that the "M"-shaped lag vs. velocity structure found in previous cross-correlation analysis is the signature of a Keplerian disk with a well-defined outer edge at R/c = 20 light days. The outer wings of the "M" arise from the virial envelope, and the "U"-shaped interior of the "M" is the lower half of an ellipse in the velocity-delay plane. The far side response is weaker than that from the near side, so that we see clearly the lower half, but only faintly the upper half, of the velocity-delay ellipse. The delay τ = (R/c)(1 − sin i) = 5 light days at line center is from the near edge of the inclined ring, giving the inclination i = 45 • . A black hole mass of M BH = 7 × 10 7 M is consistent with the velocity-delay structure. A 'barber pole' pattern with stripes moving from red to blue across the C IV and possibly Lyα line profiles suggests the presence of azimuthal structure rotating around the far side of the broad-line region and may be the signature of precession or orbital motion of structures in the inner disk. Further HST observations of NGC 5548 over a multi-year timespan but with a cadence of perhaps 10 days rather than 1 day could help to clarify the nature of this new AGN phenomenon.
INTRODUCTION
Active galactic nuclei (AGN) are understood to be powered by accretion onto supermassive black holes in the nuclei of their host galaxies. On account of angular momentum and viscosity, accreted gas forms a disk on scales of a few to a few hundred gravitational radii, R g = G M BH /c 2 , where M BH is the mass of the central black hole. The accretion disk ionizes gas on scales of hundreds to thousands R g , which reprocesses the ionizing radiation into strong emission lines that are significantly Doppler-broadened by their motion in the deep gravitational potential of the black hole. However, the structure and kinematics of the "broad-line region" (BLR) remain one of the long-standing unsolved problems in AGN astrophysics.
It is generally supposed that the BLR plays some role in both inflow and outflow processes that are known to occur * Deceased, 19 July 2018 † Deceased, 6 February 2017 ‡ NASA Postdoctoral Program Fellow § Einstein Fellow ¶ Hubble Fellow * * Packard Fellow on these spatial scales. There is evidence for disk structure in some cases (e.g., Wills & Browne 1986; Eracleous & Halpern 1994; Vestergaard, Wilkes, & Barthel 2000; Eracleous & Halpern 2003; Strateva, et al. 2003; Smith, et al. 2004; Jarvis & McLure 2006; Gezari, et al. 2007; Young, et al. 2007; Lewis, Eracleous, & Storchi-Bergmann 2010; Storchi-Bergmann, et al. 2017) as well as evidence that gravity dominates the dynamics of the BLR (e.g., Peterson et al. 2004 ), although radiation pressure may also contribute (Marconi, et al. 2008; Netzer & Marziani 2010) .
The reverberation mapping (RM) technique (Blandford & McKee 1982; Peterson 1993 ) affords a means of highly constraining the BLR geometry and kinematics by measurement of the time-delayed response to changes in the continuum flux as a function of Doppler velocity. The projection of the BLR velocity field and structure into the observables of Doppler velocity and time delay yields a "velocity-delay map." Velocity-delay maps provide detailed information on the BLR geometry, velocity field, and ionization structure, and can be constructed by analyzing the reverberating velocity profiles (Horne, et al. 2004 ). This requires sustained monitoring of the reverberating spectrum with high signalto-noise ratio and high cadence to record the subtle changes in line profile.
1.1. The 2014 STORM Campaign on NGC 5548.
Primarily in order to secure data suitable for velocitydelay mapping, NGC 5548 was the focus of intensive monitoring during a 2014 monitoring campaign, the AGN Space Telescope and Optical Reverberation Mapping (AGN STORM) program. Ultraviolet (UV) spectra were obtained almost daily for 6 months with the Cosmic Origins Spectrograph on Hubble Space Telescope (HST ), securing 171 UV spectra covering rest-frame wavelengths 1120-1750 Å, including the prominent Lyα λ1216 and C IV λ1549 emission lines and weaker Si IV λ1397 and He II λ1640 emission lines (De Rosa, et al. 2015, hereafter Paper I) . During the middle two-thirds of the campaign, observations with Swift provided longer-wavelength UV, 0.3 to 10 keV X-ray, and optical (UBV) continuum measurements (Edelson, et al. 2015, hereafter Paper II) . A major ground-based campaign secured imaging photometry (Fausnaugh, et al. 2016, hereafter Paper III) with sub-diurnal cadence, including UBV and Sloan ugriz bandpasses. Optical spectroscopic observations (Pei, et al. 2017, hereafter Paper V) were also obtained, covering the Balmer line Hβ λ4861 and He II λ4686.
Anomalous behaviour in the emission-line response, known colloquially as the 'BLR holiday', is discussed by (Goad, et al. 2016, hereafter Paper IV) . Detailed fitting of a reverberating disk model to the HST, Swift, and optical lightcurves was accomplished in (Starkey, et al. 2016, hereafter Paper VI) . The X-ray observations are discussed in (Mathur, et al. 2017, hereafter Paper VII) and analysis of absorption line analysis in (Kriss, et al. 2018, hereafter Paper VIII) . This paper, presenting velocity-delay maps derived from the spectral variations, is Paper IX of the STORM series.
Analysis of the superb and unprecedented STORM datasets has provided several surprises that challenge our previous understanding of AGN accretion flows:
• From the continuum and broad-band photometric light curves, cross-correlation analysis (Papers II and III) and detailed light curve modeling (Paper VI) show that the time-delay spectrum is flatter than expected, τ ∝ λ 1 rather than τ ∝ λ 4/3 . This implies a steeper temperature profile for the accretion disk, T ∝ r −1 rather than r −3/4 .
• The observed spectrum is much fainter than predicted using the T (r) law from τ (λ) (Paper VI). The disk surface seems to have a much higher color temperature, T (r) from the time-delay spectrum τ (λ), than its brightness temperature, T (r) from the flux spectrum F ν (λ). This is a major challenge to accretion disk theory with implications that are not yet understood. One possibility is large-grained gray dust obscuring the AGN. Another is strong local temperature structures, or azimuthal structure casting shadows on the irradiated disk surface.
• The inferred lightcurve needed to drive reverberations in the UV and optical differs in detail from the X-ray lightcurve (Paper VI), being smoother and lacking the rapid variations seen in the X-rays. Gardner & Done (2017) have suggested that the observations imply that the standard disk is largely replaced by a geometrically thick Comptonized region.
• A significant anomaly in the broad emission line behavior, the 'BLR holiday', was identified and interpreted (Paper IV). The emission lines track continuum variations as expected in the first 1/3 of the STORM campaign, but then become fainter than expected in the latter 2/3, recovering just before the end. This anomalous period violates the expected behavior of emission lines reverberating with time delays relative to the continuum. Significant changes in line ratios occur, suggesting partial covering of a structured BLR, and/or changes in the shape of the ionizing spectrum. The likely interpretation is that part of the BLR is temporarily obscured to our line of sight and/or shielded from the ionizing radiation.
• Significant broad and narrow absorption lines are seen in the UV spectra (Paper VIII). Narrow absorption lines exhibit equivalent width variations that correlate with the continuum variations. Here the time delays reflect recombination times, there being no light traveltime delays since absorption occurs along the line of sight. The inferred density of ∼ 10 5 cm −3 and location at 3 pc is compatible with clouds in the NLR .
The focus of this paper is an echo-mapping analysis of the emission-line variations recorded in the STORM data. Section 2 briefly describes the HST and MDM Observatory spectra and the PREPSPEC analysis used to adjust calibrations, extract mean and rms spectra, continuum and emission-line light curves, and evidence for line profile changes. Section 2.4 discusses residuals to the PREPSPEC fit, including a "barber pole" pattern suggestive of a rotating structure. Section 3 discusses the linearized echo model and MEMECHO fit to the emission-line light curves as time-delayed echos of the 1158 Å continuum light curve, recovering the one-dimensional delay maps Ψ(τ ) for each line. To account for residual variations unrelated to reprocessing, including the anomalous line responses discussed in Paper IV, we introduce nuisance parameters that allow time variations in addition to those interpreted as reverberations of the driving light curve. Section 4 presents our velocity-delay maps from MEMECHO analysis of the spectral variations, exhibiting clear signature of an inclined Keplerian disk with a defined outer rim and front/back asymmetry. Section 5 closes with a summary of the main conclusions.
PREPSPEC SPECTRAL DECOMPOSITION AND CALIBRATION ADJUSTMENTS
Because subtle features in the reverberating spectrum carry the information of interest, echo mapping analysis can be sensitive to small calibration errors and inaccuracies in error bar estimates. The first stage of our analysis is therefore to fit a simple model decomposing the time-resolved spectra into a mean spectrum plus variable components each with their own root-mean-square (rms) spectrum and light curve. The narrow emission-line components are then used to adjust the photometric calibration and wavelength scale, and to equalise time-dependent spectral resolution. The PREPSPEC code developed and used for this purpose has been helpful in several previous studies (e.g., Grier, et al. 2013) and is available online 1 .
PREPSPEC Spectral Decomposition
The main results of our PREPSPEC analysis are given in Fig. 1 for the ultraviolet HST spectra and in Fig. 2 for the optical MDM spectra, where the left column gives the mean and rms spectra and the right column the continuum and emission-line light curves.
PREPSPEC's simple model for spectral variations is
where A(λ) is the mean spectrum, B(λ,t) models the broad emission-line variations, and C(λ,t) models continuum variations. We detail these components below. PREPSPEC decomposes the mean spectrum as
where N(λ) is the NLR spectrum,B(λ) is the BLR spectrum, andC(λ) is the continuum. This decomposition is accomplished by using piecewise-cubic spline functions with different degrees of flexibility to separate the various components. The emission-line components are forced to vanish outside a range of velocities around the rest wavelength of each line. For our analysis of NGC 5548 we set the emission-line windows for the NLR lines to ±1500 km s −1 , for most of the BLR lines to ±10000 km s −1 , and for Hβ to ±6000 km s −1 . This decomposition is useful mainly for measuring emissionline strengths, widths, and velocity profiles in the mean spectrum. PREPSPEC models variations in the continuum as a loworder polynomial in log(λ),
with N c coefficients C k (t) that depend on time. Here
interpolates linearly in log λ from −1 to +1 over the spectral range λ 1 to λ 2 . 1 http://star-www.st-and.ac.uk/∼kdh1/lib/ps/prepspec.tar.gz PREPSPEC models the broad emission-line variations as
giving each line a line profile B (λ) and a light curve L (t).
The line profiles B (λ) are smoothed using spline functions, and set to 0 outside a velocity range centred at the rest wavelength. The light curves are normalised to L = 0 and L 2 = 1. This constraint eliminates degeneracy in the model parameters, and lets us interpret B (λ) as the rms spectrum of the variations in line .
UV Spectra from HST
The UV spectra we analysed are the same HST spectra discussed and analyzed with cross-correlation methods in Paper I.
The HST spectra exhibit several systems of narrow absorption lines that interfere with our analysis. We used results of spectral modelling analysis (Paper VIII), to identify wavelength regions affected by narrow absorption features, and to divide out these narrow absorption effects. The flux and error bars in these regions are divided by the model transmission restoring to a good approximation the flux that would have been observed in the absence of intervening narrow absorbers, and expanding the error bars appropriately to reflect the lower number of detected photons.
Similarly, a Lorentzian optical depth profile provided an approximate fit to the broad wings of rest-frame geocoronal Lyα absorption. We divided the observed fluxes and their error bars by the model transmission, approximately compensating for the geocoronal Lyα absorption at moderate optical depths. The opaque core of the line was beyond repair, and we omit those wavelengths (1214.3-1216.8Å) from our analysis.
The main results of our PREPSPEC fit to the HST spectra are shown in Fig. 1 , where the left column shows the spectral and the right column the temporal components of the model.
The top-left panel of Fig. 1 shows the mean spectrum A(λ), decomposed into the NLR spectrum N(λ) (orange), the BLR spectrumB(λ) (blue), and continuumC(λ) (red).
The top-right panel of Fig. 1 shows the continuum light curves, C(λ,t), evaluated at five wavelengths across the spectrum. The continuum variations are detected with a median absolute deviation (MAD) of 18% and signal-to-noise (S/N) ratio exceeding 700. The amplitude is larger at 1120 Å on the blue end than at 1720 Å on the red end of the spectrum.
The bottom row of Fig. 1 shows the rms spectra (left) and BLR light curves (right). The blue slope of the F λ continuum variations is again evident. The strong Lyα and C IV lines exhibit double-peaked profiles in the rms spectra. Variations are detected in N V λ1240 on the red wing of Lyα, in Si IV λ1393, and in He II λ1640.
The BLR light curves generally resemble those of the continuum, but with time delays and other systematic differences that are distinct for each line. 
Optical Spectra from MDM
Optical spectra from the MDM Observatory were presented and analyzed with cross-correlation analysis in Paper V. Ground-based spectra taken at facilities other than MDM were excluded from this analysis in order to have a consistent and homogeneous dataset taken with the same instrument, same spectral resolution, etc. The ground-based MDM spectra were taken through a 5 arcsec wide slit, and extracted with a 15 arcsec aperture, under variable observing conditions. As a result, each spectrum has a slightly different calibration of flux, wavelength, and spectral resolution. While these residual calibration errors are most evident in the regions around narrow emission lines, they contribute to a smaller extent throughout the spectrum.
To compensate for this, the PREPSPEC model extends to include small adjustments to the calibrations,
Here p(t), ∆λ(t), and ∆s(t) parameterize small timedependent adjustments to the photometry, wavelength scale, and spectral resolution. PREPSPEC models ln p(t) as a loworder polynomial in ln λ, ensuring that p(t) remains positive. The median of p(t) is set to unity, since typically a minority of the observed spectra are low due to slit losses and imperfect pointing or variable atmospheric transparency. While PREPSPEC models ln p(t), ∆λ(t), and ∆s(t) as low-order polynomials of log λ, the wavelength-dependence of these calibration adjustments was not needed over the relatively short wavelength span of the MDM data analyzed here. The upper panels, Fig. 3a and b, present the fitted PREP-SPEC model as a greyscale 'trailed spectrogram', with wavelength increasing to the right and time upward. Here horizontal bands arise from the continuum variations and vertical bands mark the locations of emission lines.
Patterns in Residuals to the PREPSPEC Fit
The middle panels, Fig. 3c and d, show residuals subtracting the PREPSPEC model from the observed spectra. There are acceptably small fine-scale residuals near the strong narrow [O III] lines at 4593Å and 5008Å, indicating the good quality of the calibration adjustments. In Fig. 3d the evident patterns moving toward the centre of the Hβ line arise from reverberations affecting the line wings first and then moving toward the line centre. We find below that these can be interpreted as reverberation of Hβ-emitting gas with a Keplerian velocity field. There are also stationary features near 4750Å, 4880Å and 4970Å that decrease over the 180-day span of the observations, indicating a gradual decrease in strength of emission at these wavelengths relative to the integrated emission-line flux.
In Fig. 3c the dominant residuals near the C IV line exhibit an intriguing helical 'barber pole' pattern with stripes moving from red to blue across the line profile. This barber pole pattern may be present in the Lyα residuals, but less clearly so due to greater difficulties with absorption line corrections near Lyα. We see no clear evidence of the barber pole pattern in the Hβ residuals, where the residuals are dominated by reverberation signatures. The residual stripes in C IV and Lyα are too strong to be ascribed to calibration errors affecting the HST spectra. The barber pole pattern may be interpreted tentatively as evidence for broad azimuthal structures, perhaps due to the shadows of precessing spiral waves on the disk, that rotate around the black hole with a period of ∼ 2 yr. The effect must be stronger on the far side to produce features moving from red to blue across the line profile, than on the near side, where they would be seen moving from blue to red.
The 2 year period is estimated based on the impression that the stripes move half-way across the C IV profile during the 180 day campaign, so that 180 days is 1/4 of the period of the rotating pattern. The lower panels, Fig. 3e and f, show the mean µ(λ) and rms χ(λ) of the normalised residuals, scaled by the error bars. The χ(λ) curves (blue) rise near the emission lines where significant line profile variations are being detected, and level off in the continuum to values below unity, 0.81 for the HST and 0.89 for the MDM spectra. These low values indicate that rms residuals are smaller than expected from the nominal error bars. For the MEMECHO analysis to follow, we multiply the nominal error bar spectra by these factors.
MEMECHO ANALYSIS: VELOCITY-DELAY MAPPING
Echo mapping assumes that a compact source of ionizing radiation is located at or near the center of the accretion flow. Photons emitted here shine out into the surrounding region, causing local heating and ionization of gas which then emits a spectrum characterized by emission lines as it cools and recombines. Reprocessing times are assumed to be short compared with relevant light-travel times. As distant observers, we see the response from each reprocessing site with a time delay τ from the light-travel time and a Doppler shift v from the line-of-sight velocity. Thus the reverberating emissionline spectrum encodes information about the geometry, kinematics, and ionization structure of the accretion flow.
To decode that information, we interpret observed spectral variations as time-delayed responses to a driving light curve. By fitting a model to the reverberating spectrum F(λ,t), we reconstruct a two-dimensional wavelength-delay map Ψ(λ, τ ). This effectively slices up the accretion flow on iso-delay surfaces, which are paraboloids co-axial with the line of sight with a focus at the compact source. Each delay slice gives the spectrum of the response, revealing the fluxes and Doppler profiles of emission lines from gas located on the corresponding iso-delay paraboloid. The resulting velocity-delay maps Ψ(v, τ ) provide two-dimensional images of the accretion flow, one for each emission line, resolved on iso-delay and iso-velocity surfaces.
Linearized Echo Model
The full spectrum of ionizing radiation is not observable, and so an observed continuum light curve, C(t), is adopted as a proxy. At each time delay τ , the responding emission-line light curve L(t) is then some non-linear function of the continuum light curve C(t − τ ) shifted to the earlier time t − τ . In addition, the observed line and continuum fluxes include constant or slowly varying background contributions from other light sources, such as narrow-line emission and starlight from the host galaxy. To model these backgrounds and account for the non-linear BLR responses, MEMECHO employs a linearized echo model, with reference levels C 0 for the continuum and L 0 for the line flux, and a tangent-curve approximation to variations around these reference levels. Thus the continuum light curve C(t) is decomposed as
and the emission-line light curve,
is a convolution of the continuum variations with a delay map Ψ(τ ), giving the one-dimensional delay distribution of the emission-line response. We find that this linearized echo model fails to provide a good fit to the NGC 5548 data. We therefore generalize the model to allow a time-dependent echo background level, L 0 (t).
3.2. Delay Maps Ψ(τ ) for NGC 5548 Figure 4 shows the results of our MEMECHO fit to five continuum and six emission-line light curves of NGC 5548. The light curve data are from the PREPSPEC analysis of the HST and MDM spectra, described above in Sec. 2. MEME-CHO fits all light curves simultaneously, recovering a model for the driving light curve C(t), and for each echo light curve a delay map Ψ(t) and a background light curve L 0 (t). The driving light curve C(t) (bottom panel of Fig. 4) is the 1158 Å continuum light curve, with the reference level C 0 (red line) set at the median of the 1158 Å continuum data. Above this are ten echo light curves (right) and corresponding delay maps (left), where the light curve data (black points with green error bars) can be directly compared with the fitted model (blue curves). We model four continuum light curves, at 1300 Å, 1450 Å, and 1700 Å from the HST spectra and at 5100 Å from the MDM spectra, as echos of the 1158 Å continuum. The reverberating emission lines are He II λ1640 and He II λ4686, then Hβ and Lyα, and finally Si IV and C IV. The MEMECHO fit accounts for much of the light-curve structure as echos of the driving light curve, but requires significant additional variations (red curves).
Maximum entropy regularization keeps the model light curves and delay maps positive and "as smooth as possible" while fitting the data. The fit shown in Fig. 4 requires χ 2 /N = 1 separately for the driving light curve and for each of the echo light curves, where the number of data points are N = 171 for the HST light curves and N = 147 for the MDM light curves. The model light curves (delay maps) are evaluated on a uniform grid of times (delays) spaced by ∆t = 0.5 days, linearly interpolated to the times of the observations. The delay maps span a delay range 0 − 50 days. The entropy of each function is measured relative to a default function obtained by gaussian smoothing with full-widthhalf-maximum of 1, 2 and 4 days for the driving light curve, the delay map, and the echo background, respectively. These choices control the flexibility of the functions.
The delay maps Ψ(τ ) are of primary interest because they indicate the radial distributions from the central black hole over which the continuum and emission-lines are responding to variations in the driving radiation. The continuum light curves exhibit highly correlated variations that are well fit by exponential delay distributions strongly peaked at τ = 0. The median delay, increasing with wavelength, is ∼ 1 day at 1700 Å and ∼ 5 days at 5100 Å. The echo background has only small variations, indicating that the linearized echo model is a very good approximation for the continuum light curves.
The emission-line light curves require more extended delay distributions and larger variations in their background levels. The background variations are similar, but not identical, for the six emission-line light curves. The two He II light curves require tight delay distributions peaking at τ = 0, with half the response inside ∼ 5 days and 3/4 inside 10 days, and some low-level structure at 20-40 days. The background light curves have a "slow wave" with a 100-day timescale, somewhat different for the two lines, and smaller amplitude 10-day structure. The slow-wave background for He II λ1640 is rising from HJD 2 6690 to 6750 while that for He II λ4686 is more constant. Both backgrounds then decline to minima around HJD 6800 and then rise until 6840. The constant background for He II λ1640 prior to HJD 6690 and for He II λ4686 after HJD 6850 is not significant since there are no data during these intervals.
The Hβ response exhibits the most extended delay distribution, with a peak at 7 days, half the response inside 14 days, 3/4 inside 23 days, minor bumps at 25 and 40 days, and falling to 0 at 50 days. The need for this extended delay map is evident in the Hβ light curve, for example to explain the slow Hβ decline following peaks at HJD 6705 and 6745. The Lyα response is more confined than Hβ with a peak at 3 days, half the response inside 7 days, 3/4 inside 15 days, and bumps at 26 and 35 days. Si IV and C IV are similar, with peaks at 5 and 7 days,
The slow-wave backgrounds for all these lines fall slowly from HJD 6740 to 6820 and then rise more rapidly to a peak at HJD 6840. This is the anomalous period discussed in Paper IV, where the emission-lines became weak relative to the continuum. Note also a smaller dip from HJD 6715 to 6790 that deepens the emission-line decline between the two peaks, particularly for C IV. A small peak near HJD 6810 accounts for emission-line peak in C IV, Si IV, and He II λ1640 that has no clear counterpart in the continum light curves. Note that the model and background light curves (blue and red curves in Fig. 4 ) exhibit numerous small spikes in addition to smoother 100-day and 10-day structure. These spikes correspond to data points that are too high or too low, relative to their error bars, to be fit by the smooth default light curve that maximises the entropy. The largest offender is a low point in the Hβ and He II λ4686 light curves near HJD 6837, which likely represents a calibration error. These outliers could seriously damage the delay maps. The spikes are less prominent if we relax the fit to a higher χ 2 /N, but then the fit to the relatively low signal-to-noise ratio Si IV light curve is less satisfactory. Fortunately, because our model has time-dependent backgrounds that can develop sharp spikes where required, the delay maps remain relatively smooth and insensitive to these outliers.
VELOCITY-DELAY MAPS
Wavelength-delay maps Ψ(λ, τ ) of BLR emission in NGC 5548 are shown as two-dimensional grayscale images in Fig. 5 for the MEMECHO fit to the optical spectra from MDM, and in Fig. 6 for the UV spectra from HST . To the right are the projections Ψ(τ ) giving delay maps for the full wavelength range (black) and for velocity ranges centered on the rest wavelengths of the emission lines, as indicated by the colored bars above and below the grayscale map. Below the projections Ψ(λ) give the spectrum of the full response (black) and of the response in four delay ranges, 0-5 days (purple), 5-10 days (green), 10-15 days (orange), and 15-20 days (red). Velocity-delay maps centered on the six emission lines are presented in Fig. 7 . These two-dimensional maps show that the emission-line response inhabits the interior of a virial envelope (orange dashed), and exhibit structure indicating an inclined Keplerian disk, i = 45 • , with an outer rim at R/c = 20 days, as discussed below. These maps and their interpretation are the main results of interest emerging from our MEMECHO analysis.
Details from the MEMECHO fit are shown in Figs 8 and 9 for the HST and MDM spectra, respectively, with the same format as in Fig 4. The fit models as echoes the same four continuum light curves, at 1350 Å, 1450 Å, 1700 Å, and 5100 Å, and now as well the continuum-subtracted emissionline variations across the full wavelength range of the HST and MDM spectra. The PREPSPEC model provided the variable continuum model that was subtracted to isolate the BLR spectra used in the MEMECHO fit. As before, the proxy driving light curve C(t) is the continuum light curve at 1158 Å. The model allows echo responses over a delay range 0-50 days, and includes a time-variable background spectrum L 0 (λ,t). This allows the model to account for the period of anomalous line response during the 'BLR holiday' (Paper IV), as well as other features in the data, real or spurious, that are not easily interpretable in terms of the linearized echo model.
The entropy now steers the fit toward models with smooth spectra as well as smooth light curves and delay maps. We actually construct a series of MEMECHO maps that fit the data at different values of χ 2 /N, ranging from 5 to 1. At higher χ 2 , the fit to the data is poor and the maps are smooth. At lower χ 2 , the fit improves and the maps develop more detailed structure. When χ 2 is too low the fit becomes strained as the the model strives to fit noise features, e.g., by introducing spikes in the gaps between data points in the driving light curve. The fits and maps shown here for a fit with χ 2 /N = 1.2 is a good compromise between noise and resolution. Our tests show that the main features interpreted here are robust to changes in the control parameters of the fit. These parameters adjust the relative "stiffness" of the driving lightcurve, the background lightcurve, the echo maps, and the aspect ratio of resolution in the velocity vs delay directions.
From Figs. 5 and 6, the three strongest lines -Lyα, C IV, and Hβ -have a similar velocity-delay structure, with most of their response between 5 days and 15 days. To first order, the response in all three lines is red-blue symmetric. This indicates that radial motions are sub-dominant in the BLR, as a strong inflow (outflow) component would produce shorter delays on the red (blue) side of the velocity profile . The He II response is largely inside 5 days, and extends to ±10, 000 km s −1 , compatible with expected radial ionization structure, and virial motions. In Fig. 5 , we see that He II response is broad and single peaked. He II dominates the Hβ response in the 0-5-day delay slice (purple), becomes sub-dominant at 5-10 days (green), and almost negligible at larger delays. The He II λ1640 and He II λ4686 delay ranges and velocity structures are similar. There is no signature of a double-peaked structure in these two lines.
In Fig. 5 , the Hβ delay map Ψ(τ ) for the full profile (±6000 km s −1 , red) and for the line core (±1500 km s −1 , orange) is flat or rising from 0-10 days, then tails away. The Hβ response spectrum Ψ(λ) exhibits a double-peaked struc-ture in the 10-15 days (orange) and 15-20 days (red) delay ranges, the peaks separated by ∼ 5000 km s −1 . In the 5-10-day slice, the Hβ response has a central peak flanked by ledges that extend to ±5000 km s −1 . Fig. 6 shows similar double-peaked response in Lyα and somewhat less clearly in C IV.
Clearly recognizable in the velocity-delay structure is the signature of an inclined Keplerian disk with a well-defined outer edge. The velocity-delay maps provide a plausible interpretation for the "M"-shaped structure of lag vs. velocity seen in the cross-correlation results (Papers I and V). The outer edges of the "M" arise from the virial envelope. The "U"-shaped interior of the "M" dips down from 20 days to 5 days, and we interpret this as the lower half of an ellipse in the velocity-delay plane, which is the signature of a ring of gas orbiting the black hole at radius R = 20 light days.
The Hβ response exhibits the clearest signature of an ellipse in the velocity-delay plane, corresponding to an annu- lus in the Keplerian disk. The (stronger) near side of the annulus has a delay at τ = (R/c)(1 − sin i) ≈ 5 days and the (weaker) far side extends to τ = (R/c)(1 + sin i) ∼ 35 days Assuming a thin disk, the ratio gives sin i ≈ 0.75, or i ≈ 45 • . The double-peaked velocity structure at τ ≈ 20 days then gives the black hole mass. The framework shown by dashed orange curves on the plot, adjusted by eye to fit the main features, is for black hole mass M BH = 7 × 10 7 M , i = 45 • , and R out = 20 light days.
The velocity-delay structure also indicates a stronger response from the near side than from the far side of the inclined disk. We see the upper half of the ellipse only faintly in the velocity-delay map of Hβ and perhaps also the Lyα. The C IV map and (less reliable) Si IV map show a faint response at 25-30 days that is not very clearly connected to the stronger response inside 10-15 days. If the response structure were azimuthally symmetric, the upper and lower halves of the ellipse would be more equally visible. The mean delay averaged around the ellipse would be R/c ∼ 20 days, and this is similar to typical Hβ lags seen in the past. The much shorter lags in the STORM data may be interpreted as due at least in part to an anisotropy present in 2014 that was usually much weaker or absent during previous monitoring campaigns. The near/far contrast ratio can be determined by more careful modelling.
Comparison with velocity-delay maps at other epochs
In 2015 Jan-Jul, a year after our campaign, NGC 5548 was monitored with the Yunnan Faint Object Spectrograph and Camera on the 2.4 m telescope at Lijiang, China, resulting in 61 good spectra over 205 days that provide the basis for a MEM analysis yielding a velocity-delay map for Hβ (Xiao, et al. 2018 ). This 2015 map exhibits structure remarkably similar to that seen in our 2014 map, including the virial envelope, the 'M'-shaped structure with τ ∼ 10 d and V ∼ ±2400 km s −1 at the peaks of the 'M', and a well defined ellipse extending out to τ ∼ 40 d. (Xiao, et al. 2018 ) also present Hβ velocity-delay maps constructed from 13 annual AGNWatch campaigns 1989-2001. While several of these maps show hints of a ring-like structure, the quality of these maps is much lower due to less intensive time sampling, making it difficult to be confident about the information that they may be able to convey.
In combination, the high-fidelity 2014 and 2015 Hβ velocity-delay maps each show a clear virial envelope and distinct ellipse centred at 20 light days. Thus the Hβ response arises from a Keplerian disc with a relatively sharp outer rim at 20 light days that remained stable for an interval of at least a year. In 2014 the response is weak on the top of the velocity-delay ellipse. In 2015 the response is clearly visible on the blue side and over the top of the velocity-delay ellipse, and relatively weak on the red side. This indicates significant azimuthal modulation of the response that evolves, perhaps rotates, on a timescale of 1 year. Future velocity-delay mapping experiments to monitor this strucure could be interesting to elucidate its origin and implications.
SUMMARY
In this contribution, we achieve the primary goal of the AGN STORM campaign by recovering velocity-delay maps, which are the key to understanding the geometry, ionization structure, and kinematics of the broad-line region, for the prominent broad emission lines, Lyα, C IV, He II and Hβ, in the spectrum of NGC 5548.
Our analysis interprets the ultraviolet HST spectra (Paper I) and optical MDM spectra (Paper V) secured in 2014 during the 6-month STORM campaign on NGC 5548. This dataset provides spectrophotometric monitoring of NGC 5548 with unprecedented duration, cadence, and signal-to-noise ratio suitable for interpretation in terms of reverberations in the broad emission-line regions (BLR) surrounding the black hole. Assuming that the time delays arise from light travel time, the velocity-delay maps we construct from the reverberating spectra provide 2-dimensional images of the BLR, one for each line, resolved on iso-delay paraboloids and line-of-sight velocity.
We used absorption line modelling results from Paper VIII to divide out absorption lines affecting the HST spectra. We used PREPSPEC to re-calibrate the flux, wavelength, and spectral resolution in the optical MDM spectra using the strong narrow emission lines as internal calibrators. Residuals of the PREPSPEC fit indicate the success of the calibration adjustments, and provide a basis for adjusting the error bar spectra by 10-20%.
The linearised echo model that we normally use for echo mapping is violated in the STORM dataset by anomalous emission-line behavior, the 'BLR holiday' discussed in Paper IV. We model this adequately as a slowly varying background spectrum superimposed on which are the more rapid variations due to reverberations.
Residuals of the PREPSPEC fit reveal significant emissionline profile changes. Features are evident moving inward from both red and blue wings toward the center of the Hβ line, interpretable as reverberations of a BLR with a Keplerian velocity field.
A helical 'barber pole' pattern with stripes moving from red to blue the across line profile is evident in the C IV and possibly also the Lyα line, suggesting azimuthal structure rotating with a period of ∼ 2 yr around the far side of the accretion disk. This may be interpreted tentatively as precession or orbital motion of disk structures. Further HST observations of NGC 5548 over a multi-year timespan but with a cadence of perhaps 10 days rather than 1 day, could be important to investigate the persistence or transience and ultimately the nature of this new AGN phenomenon.
We use the PREPSPEC fit to extract lightcurves for lines and continua and use MEMECHO to fit these echo lightcurves with the 1158 Å continuum lightcurve serving as a proxy for the driving lightcurve. The MEMECHO fit determines a set of echo maps Ψ(τ ) giving the delay distribution of each echo, effectively slicing up the reverberating region on iso-delay paraboloids. The structure in these echo maps indicates radial stratification, with He II responding from inside 5 light days, and the Lyα C IV and Hβ response extending out to or beyond 20 light days.
By using MEMECHO to fit reverberations in the emissionline profiles, we construct velocity-delay maps Ψ(v, τ ) that resolve the BLR in time delay and line-of-sight velocity. The BLR response is confined within a virial envelope around each line, with double-peaked velocity profiles in the response in 10-20 day delay slices. The 'M'-shaped delay vs velocity structure found using velocity-resolved crosscorrelation lags in Papers I and V are seen here to be the signature of a Keplerian disk. The outer legs of the M arise from the virial envelope between 5 and 20 days, the inner U of the M is the lower part of an ellipse extending from 5 to 35 days. This velocity-delay structure is most straightforwardly interpreted as arising from a Keplerian disk extending from R/c = 5 to 20 days, inclined by 45 • , centred on a black hole of mass 7 × 10 7 M . The BLR has a well-defined outer rim at R/c = 20 days, but the far side of the rim may be obscured or less responsive than the near side.
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